Background and Purpose-Nortriptyline, an antidepressant, was identified as a strong inhibitor of mitochondrial permeability transition by our screening of a library of 1040 drugs. Because mitochondrial permeability transition and consequent mitochondrial dysfunction have been implicated in acute neuronal death, we proposed to investigate the possible neuroprotective effects of nortriptyline in cerebral ischemia. Methods-The effects of nortriptyline were first studied in oxygen/glucose deprivation-induced death of primary cerebrocortical neurons, a cellular model of cerebral ischemia. Mitochondrial membrane potential, mitochondrial factor release, and caspase 3 activation were evaluated after its treatment. Nortriptyline was also studied in a mouse model, which was established by occlusion of the middle cerebral artery. The infarct volume, neurological function, and biochemical events were examined in the absence or the presence of nortriptyline. Results-Nortriptyline inhibits oxygen/glucose deprivation-induced cell death, loss of mitochondrial membrane potential, downstream release of mitochondrial factors, and activation of caspase 3 in primary cerebrocortical neurons. Furthermore, it decreases infarct size and improves neurological scores after middle cerebral artery occlusion in mice. Conclusions-The ability of nortriptyline to inhibit mitochondrial factor release and caspase activation and further protect the animals correlates to its inhibitory effect on mitochondrial permeability transition in isolated mitochondria. This study indicated that nortriptyline is neuroprotective against cerebral ischemia. It also suggested mitochondrial permeability transition might be a valuable therapeutic target for acute neurodegeneration. (Stroke. 2008;39:000-000.)
additions were described in the figure legend. All experiments were performed in triplicate, of which representative plots were shown.
Primary Cerebrocortical Neuron Culture and Oxygen and Glucose Deprivation Treatment
Cerebral cortex from Swiss Webster mouse embryos at day 15 (E15) were freed from the meninges and separated from the olfactory bulb and hippocampus. The cells were dissociated by treatment with trypsin and cultured in poly-D-lysine-coated dishes in neurobasal medium supplemented with 2% B27 (Invitrogen), 2 mmol/L glutamine (Invitrogen), and 100 U/mL penicillin, and streptomycin (Invitrogen). Experiments on primary cerebrocortical neurons (PCNs) were performed after 7 days in culture. PCNs were preincubated with 0 to 5 mol/L nortriptyline (Sigma) for 2 hours before challenging them with oxygen and glucose deprivation (OGD). OGD was conducted by culturing the cells for 3 hours in glucose-free Earle's balanced salt solution, an isotonic solution buffered to pH 7.3 with sodium bicarbonate/CO 2 that lacks CaCl 2 and MgSO 4 (Sigma). Cell cultures were incubated in an anaerobic chamber. The atmosphere therein was depleted of oxygen using a palladium catalyst (BBL GasPak Plus; BD Pharmingen), causing O 2 to drop below 100 ppm within 90 minutes. Control cultures were incubated in Earle's balanced salt solution supplemented with 5.5 mmol/L glucose in a normoxic atmosphere for the same period. OGD was terminated by transferring the cells to normal culture conditions.
Measurement of Lactate Dehydrogenase Activity
When cells die, they release their complement of lactate dehydrogenase (LDH). Measuring this activity in the resulting supernatant reveals the extent of cell death. Such assays were conducted according to the manufacturer's instructions (Roche). PCNs were preincubated with nortriptyline for 2 hours and challenged with: (1) OGD, (2) 1 mmol/L H 2 O 2 , or (3) 500 mol/L NMDA. The culture medium of each well was collected 18 hours later and centrifuged. The supernatant was then mixed with the lactate dehydrogenase assay reaction mixture. After 15 minutes of incubation at room temperature, the absorbance at 490 nm was measured with an enzyme-linked immunosorbent assay reader (Biorad). The same volume of medium was used as background control.
Annexin v/PI Staining and Fluorescence-Activated Cell-Sorting Analysis
PCNs were cultured as described previously. On the seventh day in culture, PCNs were preincubated with 2.5 mol/L nortriptyline for 2 hours, subjected to 3 hours of OGD, and transferred to normal Nortriptyline increases Ca 2ϩ retention capacity, delays Ca 2ϩ -induced Ca 2ϩ release, slows dissipation of ⌬⌿ m , and reduces swelling in isolated mitochondria. A, Ca 2ϩ capacity was studied using a calcium-selective electrode. The signal is inversely proportional to the concentration of free Ca 2ϩ in the ambient solution. Addition of nortriptyline caused a shift in the baseline signal. On correcting for this effect, it was apparent that the initial calcium uptake was the same in the presence as in the absence of the compound. B, ⌬⌿ m was measured using a TPP 2ϩ electrode. The signal is directly proportional to ⌬⌿ m .
Figure 1 (Continued)
. Again, addition of nortriptyline shifts the baseline signal from the TPP 2ϩ electrode but does not change ⌬⌿ m . The rate of TPP 2ϩ uptake by the mitochondria is invariant, compelling the same conclusion as with Ca 2ϩ . C, Mitochondrial swelling was determined by measuring the resulting change in the absorbance of infrared light, ie, a diminished value of A 660 . All these assays were performed in buffer containing 300 mmol/L sucrose, 2.5 mmol/L KH 2 PO 4 , 3 mmol/L HEPES, pH 7.4, 2.5 mol/L of TPP 2ϩ , and 5 mmol/L K ϩ -succinate. We started recording at "0." X-axis started at "Ϸ200" when we added mitochondria. For each assay, 1 mg/mL mitochondria was added and the total volume was 1 mL. The calcium (30 nmol/mg protein) challenge began 3 minutes after addition of mitochondria and the establishment of steady-state 4 conditions. Decreasing calcium was due to mitochondria uptake. Each bolus of Ca 2ϩ (indicated by an arrow) increased the concentration of Ca 2ϩ by 30 mol/L. Although the baseline signal changes on addition of nortriptyline, 13 this effect is independent of the presence of mitochondria. Consequently, it is easily corrected and does not confound interpretation of the experiment. The apparent visual discrepancies are due to the nonlinear nature of the responses of these electrodes. Experiments were terminated when Ca 2ϩ was spontaneously released from mitochondria and no further uptake occurs. culture conditions. Cells were trypsinized 18 hours later and collected by centrifugation. They were then stained with annexin v/propidium iodide (Roche) and analyzed using a Beckman flow cytometer (Dana-Farber Cancer Institute Flow Cytometry Core Facility, Boston, Mass). Total of 10 000 cells were counted for each sample. The percentage of apoptosis or necrosis was calculated by the formula: [(apoptotic or necrotic events/total events)ϫ100%].
Rhodamine 123 Staining
PCNs were pretreated with 2.5 mol/L nortriptyline for 2 hours. For staining, the cultured (living) PCNs were directly incubated with 2 mol/L rhodamine 123 (Molecular Probes) for 5 minutes at room temperature followed by the rinse through several changes of phosphate-buffered saline (5 minutes per rinse). Digital images were taken with a Nikon ECLIPSE TE 200 fluorescence microscope and processed with IP LAB Software (Spectra Services). Reduced green rhodamine 123 fluorescence indicates dissipated ⌬⌿ m .
Cytosolic Fractionation and Immunoblotting
PCNs (3 to 3.6ϫ10 6 ) or brain tissue were homogenized using a Dounce homogenizer (Kontes Glass) in a buffer containing 250 mmol/L sucrose, 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 2 mmol/L EDTA, 20 mmol/L HEPES, 1 mmol/L dithiothreitol, 50 mol/L N-benzoxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD-fmk; Sigma) plus a protease inhibitor cocktail (Sigma). After removing unlyzed cells by a low-speed spin (500g), the clarified supernatant was collected and centrifuged at 13 000g. Because of their dominant constitution, the pellet was considered to be the mitochondrial fraction and the supernatant the cytosolic fraction. 15 ␤-actin was used as a loading control for cytosolic fraction. The primary antibodies used in the immunoblots were a mouse monoclonal for cytochrome c (BD Pharmingen), a rat monoclonal for smac/Diablo (Novus Biologicals), a rabbit polyclonal for apoptosis-inducing factor (AIF; Sigma), a rabbit polyclonal for caspase 3 (Cell Signaling), and a mouse monoclonal for ␤-actin (Sigma).
Middle Cerebral Artery Occlusion and Drug Treatment
Male C57/BL6 mice (Ϸ20 g, 5 to 6 weeks old) were obtained from Jackson Laboratories (Bar Harbor, Maine) and housed under a natural light/dark cycle with food and water available ad libitum. All experiments were conducted in accordance with protocols approved by the Harvard Medical School Animal Care Committee. Focal cerebral ischemia was induced by insertion of an intraluminal nylon thread into the cervical internal carotid artery. Beforehand, animals were divided at random into a treated (nϭ12) and a control group (nϭ13). Treated animals received 2 intraperitoneal injections, each of 2 mg/kg nortriptyline. The first injection was given 30 minutes before and the second 12 hours after ischemia. Control animals were injected with equivalent volumes of the saline vehicle. Mice were anesthetized with 1.5% (vol/vol) isoflurane in 70% N 2 O/30% O 2 before the start of the operation and were held in an atmosphere with 0.5% isoflurane during the entire procedure. Rectal temperature was maintained between 37 and 37.5°C with a heating pad (Harvard Apparatus). The right common carotid artery was exposed, and the external carotid artery was ligated. A 7-0 monofilament nylon thread with a silicone-blunted tip was inserted 9Ϯ1.0 mm into the internal carotid artery up to the middle cerebral artery. The rate of cerebral blood flow was continually monitored with an infrared Doppler (Perimed AB). 10 The cerebral blood flow should reduce 85% to 90% in 5 minutes after occlusion. In the meantime, we also recorded arterial blood pressure. After 2 hours of occlusion, the thread was removed, restoring blood flow through the middle cerebral artery.
Determination of Neurological Score and Infarct Volume
After either 30 minutes or 24 hours of reperfusion, each mouse was assigned a neurological score according to the following scale: 0, no neurological deficits; 1, failure to extend the left forepaw; 2, circling to the contralateral side; 3, inability to walk or loss of the righting reflex. 16 Subsequently, brains were rapidly removed and cut into 6 coronal sections, each being 2 mm thick. The sections were stained with 2, 3, 5-triphenyltetrazolium chloride (Sigma) for 30 minutes at 37°C. Brain slices were scanned, and the stained areas in the ipsilateral and contralateral hemispheres were measured with a HP Scanjet 4200C. Within each slice, the ischemic volume was calculated according to the following formula: 2 mmϫ[stained area in the left side (normal side)Ϫstained area in the right side (ischemic side)]. These 6 values were summed to yield the total volume of the infarct. The scoring of neurological function and infarct size was done by blinded observers to avoid bias.
Results

Selection of Nortriptyline by Mitochondrial Screening
We screened a library of 1040 compounds for their ability to inhibit mPT induction in isolated rat liver mitochondria. The design and overall results of the screen have recently been published. 13, 17 We selected nortriptyline as a representative agent of the heterocyclics, tricyclics, and phenothiazines class for further study because it is a strong mPT inhibitor and it is well tolerated by patients. 13 In this study, we evaluated the effects of nortriptyline on mitochondrial physiology by as- sessing ⌬⌿ m and Ca 2ϩ uptake-release capacity after challenge with a series of bolus additions of Ca 2ϩ . Nortriptyline did not impair normal mitochondrial function, but did delay induction of mPT ( Figure 1A ). Furthermore, nortriptyline increased the Ca 2ϩ retention capacity of mitochondria, and it delayed Ca 2ϩ -induced Ca 2ϩ release and loss of ⌬⌿ m ( Figure  1 ). Thus, nortriptyline protected against Ca 2ϩ overloadmediated mitochondrial dysfunction while not detectably affecting mitochondrial physiology. Similar to their effects on liver mitochondria, nortriptyline is also protective in isolated brain mitochondria (data not shown).
Nortriptyline Inhibits Neuronal Cell Death
By analogy with other inhibitors of mPT, 17, 18 nortriptyline is apt to be neuroprotective after acute neurological injury. Before beginning trials in an animal model, we first evaluated whether nortriptyline could protect PCNs from OGD, a cellular model of cerebral ischemia. 10 Indeed, nortriptyline significantly inhibited neuronal cell death, as indicated by decreased lactate dehydrogenase release (Figure 2A ). Phasecontrast micrograph also showed that OGD caused PCN loss of processing and shrinkage of the cell body, whereas nortriptyline partially restored their normal morphology (Figure 2D) . We continued our investigation by evaluating neuroprotection by nortriptyline in other cell death paradigms. Nortriptyline inhibited PCN death induced by the oxidant H 2 O 2 ( Figure 2B ) or by the glutamate receptor agonist NMDA (an excitotoxic model 19 -21 ; Figure 2C , E). Fluorescence-activated cell-sorting analysis confirmed the inhibitory effect of nortriptyline on OGD-induced cell death (Figure 3 ). It further demonstrated that apoptosis is the dominant type of cell death in this model. Nortriptyline significantly inhibited apoptosis but only slightly reduced necrosis.
Nortriptyline Inhibits Oxygen/Glucose Deprivation-Mediated Release of Apoptogenic Factors From the Mitochondria of Primary Cerebrocortical Neurons
Hypoxic injury to PCNs causes the mitochondria to release apoptogenic factors, which in turn activates caspases. 10, 11, 22 It is believed that depolarization of the mitochondria with concomitant induction of mPT commits the host neuron to cell death. 23 We therefore investigated whether loss of ⌬⌿ m correlates with OGD-induced death of PCNs and whether that molecular change is forestalled by treatment with nortriptyline. In healthy cells, rhodamine 123 staining showed a punctuate pattern due to preferential staining of negatively charged mitochondria. After OGD, the fluorescent signal from rhodamine 123 staining became diffuse, presumably due to mitochondrial depolarization. Nortriptyline inhibited the dissipation of ⌬⌿ m in living PCN as it did in the isolated mitochondria ( Figure 4A ). In addition, nortriptyline significantly inhibited OGD-induced release of cytochrome c, AIF, and smac/Diablo from mitochondria ( Figure 4B ) and countered the activation of caspase 3 ( Figure 4C ).
Nortriptyline Improves Neurological Recovery and Reduces Lesion Size After Ischemia
We next investigated the ability of nortriptyline to reduce ischemic damage in mice. The model consists of 2 hours of middle cerebral artery occlusion (MCAO) followed by 24 hours of reperfusion. Resulting changes in the animal's behavior were rated on a scale of 0 to 3 (the "neurological score") 30 minutes or 24 hours after reperfusion. Treated animals were administered nortriptyline before and after MCAO; controls received the saline vehicle. Nortriptyline is found to have little effect on the neurological score 30 minutes after the reperfusion. This finding is consistent with that reported for other neuroprotective agents. It presumably reflects the lack of change in the volume of ischemic/ nonfunctional cerebral territory. 16, 24 At this relatively early time, however, nonfunctional brain territory is not necessarily dead and still could be salvaged. Nortriptyline significantly improves the neurological score 24 hours after reperfusion ( Figure 5A ). The infarct volume was also quantified by staining with 4% 2, 3, 5-triphenyltetrazolium chloride. Nortriptyline-treated mice have 55% reduction in the lesion size as compared with saline-treated controls ( Figure 5B ). The reduction in infarct volume correlates well with the improved neurological scores in nortriptyline-treated mice.
Nortriptyline Inhibits Postischemic Cytochrome c, Smac/Diablo, and Apoptosis-Inducing Factor Release In Vivo
When compared with untreated controls, primary neurons that undergo OGD in the presence of nortriptyline exhibit a reduction of release of mitochondrial apoptogenic factors ( Figure 4B ). This effect of nortriptyline correlates with its ability to block mPT in purified mitochondria. Consequently, we evaluated whether nortriptyline inhibits release of these factors from mitochondria in areas affected by cerebral ischemia. We and others have previously demonstrated that the release of mitochondrial apoptogenic factors occur after experimental cerebral ischemia. 10, 11 Our results confirmed that ischemia causes release of cytochrome c, smac/Diablo, and AIF into the cytosol. Furthermore, in nortriptyline-treated as opposed to control mice, these proteins are translocated from mitochondria to cytosol to a less degree ( Figure 5C ).
Discussion
Nortriptyline was originally selected from a library screening of 1040 drugs by using rat isolated liver mitochondria. Mitochondria treated with nortriptyline showed delayed mPT induction and significant resistance to calcium overloadinduced injury. Similar results were also obtained from brain mitochondria (IGS, BSK, unpublished data). Our work further indicates that nortriptyline is neuroprotective in both in vitro and in vivo models of cerebral ischemia. The delineated mechanism is that nortriptyline acts on the mitochondria to inhibit mPT-mediated release of apoptogenic factors, thereby forestalling caspase cascades leading to cell death.
In the cellular models, its optimal concentration for neuroprotection is 1 to 5 mol/L. We have tested other concentrations; however, nortriptyline could not inhibit the death at such concentrations (Supplement), suggesting that it has a relatively narrow window of effectiveness in these models. Thus, drug cocktails might be required to interfere with the cell death pathways that are involved in the acute neurological injury. One choice is creatinine. We previously reported that creatinine indirectly inhibits cytochrome c release from mitochondria by delaying ischemia-induced cerebral ATP depletion. 25 Further investigation is needed to examine whether the combination of these drugs will show additive or synergetic effects.
Nortriptyline displayed significant protection against cerebral ischemia in our mouse MCAO model. To exclude the possibility that this protection is mainly due to vascular rather than neuronal effects, we continuously monitored cerebral blood flow and arterial blood pressure in our experiments. Our recordings demonstrated that there was no difference between the treated and control groups in the vascular variables both before and after the occlusion (Table) . In addition, nortriptyline is a US Food and Drug Administrationapproved antidepressant, penetrates the blood-brain barrier, is frequently used in patient care, and has a high oral availability. These advantages further prepare nortriptyline as a potential therapeutic for acute neurodegeneration.
Our observations also provide circumstantial evidence for the role of mPT in the pathology of cerebral ischemia. Recently, several groups used a genetic approach to investigate the potential involvement of mPT in the mechanism of cell death after ischemia. They note that neurons from a mouse lacking cyclophilin D resist cell death. After cerebral ischemia, cyclophilin D-deficient mice develop smaller infarcts than do wildtype controls. 28 -31 These findings are consistent with our studies, in which the mPT inhibitors nortriptyline and promethazine 13, 17 are found to protect cultured neurons against OGD-induced death. In addition, such mPT inhibitors are protective of mice with MCAO-induced ischemic injury. However, their studies suggest mPT prefer regulating necrotic but not apoptotic cell death. An earlier study also draws a similar conclusion by using a cell line that overexpresses cyclophilin D. 26 Our data show that in the cellular model of cerebral ischemia, OGD induces apoptosis to a greater extent than necrosis and nortriptyline dramatically reduces such apoptotic cell death. The inconsistency of these observations can be explained in the following ways: (1) mPT plays different roles depending on the cell type and specific inducing stimuli. Compared with the other stresses, OGD activate apoptotic pathways that more likely resemble the events after acute injury in vivo. One way to clarify this is to perform an experiment in which PCNs from cyclophilin D-knockout mice are subjected to OGD. (2) mPT induction involves multiple components: adenine nucleotide translocase, voltage-dependent anion transporter, and cyclophilin D. 27 Pharmacological inhibitors of mPT may function at multiple components rather than one, which is targeted by genetic method. Therefore, it could not be ruled out that mPT play a role, either primary or secondary, in modulating apoptosis.
Summary
The present study demonstrates that nortriptyline is significantly neuroprotective in both cellular and animal models of cerebral ischemia. Its mechanism of action is likely by inhibiting mPT-mediated mitochondrial events and downstream cell death pathways. 
